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INTRODUCTION
Tetraazafulvalenes such as 1 and 2 are a family of neutral electron donors with a strong reduction potential owing to the aromatic nature of the oxidized products.
These neutral organic electron donors have been applied in a range of reduction reactions including the reduction of sulfones and sulfonamides, 1 and aryl halides to aryl anions 2 or aryl radicals. 3, 4 Donor 1 has also been applied to the formation of aliphatic aldehydes from aliphatic and aryl iodides and alkyl bromides, which has been suggested to go through a one carbon extrusion from the tetraazafulvalene 1.
5
In 1996, Chen 6 and Thummel 7 independently prepared tetraazafulvalene 1 using different methods. Chen reported a procedure for the deprotonation of bis-imidazolium salt 3 with potassium hydride in liquid ammonia and also the reduction of biimidazolium salt 4 using sodium metal in liquid ammonia (Scheme 1). 6 Thummel reported the electrochemical reduction of biimidazolium 4 to give tetraazafulvalene 1 (Scheme 1). 7 Evidence from 13 C NMR spectroscopy demonstrated the presence of a double bond and an X-ray crystal structure gave a C-C bond distance of 1.337 •. 6 Despite the evidence for a C=C double bond, the bond strength was estimated to be only a few kJ mol -1 . 6 Recently, Murphy 2 reported a convenient, large scale, method for the preparation of donor 1 from the bis-imidazolium salt 3 (X=I). Using sodium hydride in liquid ammonia, product 1 was obtained in near quantitative yields (Scheme 1).
Scheme 1: Synthetic routes to tetraazafulvalene 1.
Calculations of the barriers to dimerisation of a range of monomeric, untethered Nheterocyclic carbenes (NHCs) including 5, 6 and 7 ( Figure 1) have been reported and demonstrate the weakness of the C=C bond. 8 Alder and co-workers have calculated that the activation barrier for head-to-head dimerisation of two carbenes such as 7
(R=R'=Me) is over 100 kJ mol -1 , corresponding to a half-life of ~100 h at a concentration of 1 M in THF. Alternatively, dimerization assisted by some form of Lewis or Br¿nsted catalysis is substantially more favoured. Chen and Jordan used C2 labelled thiazolium salts to demonstrate that nucleophilic attack of a thiazol-2-ylidene 6 occurs at the C2 position of a second thiazolium ion. 10 In this regard, the first step in these dimerization reactions is presumed to be the deprotonation of the first imidazolium component 3 followed by reaction of the resulting carbene 9 at the second imidazolium centre (Scheme 2). The tethered bis-propyl linked bis-imidazolium 3 can generate the tetraazafulvalene 1, whereas the analogous butyl linked system only generates the bis carbene. 6 The longer tether and weak C=C bond in the latter case favours the carbene over dimerisation.
Scheme 2: Proposed mechanism of dimerisation of bis-imidazolium salt 3 to give donor 1
As a first key step in the successful generation of bis-linked tetraazafulvalenes involves the initial deprotonation of a bis-bridged bis-imidazolium precursor (e.g. We now report kinetic acidities (k DO ) and estimates of the aqueous pK a values of bispropyl linked bis-imidazolium di-iodide salt 3 and dipropyl imidazolium iodide salt 10. These data are compared with previously reported values for related imidazolium species and implications on carbene dimerization are discussed.
EXPERIMENTAL
The syntheses of imidazolium salts 3 and 10, the preparation of solutions, the determination of pD and NMR spectroscopic methods are described in the Supporting Information.
Kinetic measurements
The kinetic procedures for the measurement of rate constants for deuterium exchange for imidazolium salts 3 and 10 were identical to those previously reported for the study of analogous imidazolium salts. The observed pseudo first order rate constants for exchange of the C(2)-proton for deuterium, k ex (s -1 ), were obtained from non-linear least square fitting of reaction progress against time to a first order exponential decay function. Reaction progress was defined by values of f (s), the fraction of remaining unexchanged substrate, which were calculated from Eqn (1), where A std is the integrated area of the broad triplet at 3.3 ppm due to the methyl hydrogens of internal standard, tetramethylammonium deuteriosulfate. In the case of 3, A C2H refers to the area of the singlet at 8.99 ppm due to the two equivalent C2-HÕs of the bis-imidazolium salt. For monomeric bis-propyl salt 10, A C2H refers to the area of the singlet at 8.81 ppm due to a single C2-H.
Representative NMR spectral overlays of the deuterium exchange reactions, semilogarithmic plots of k ex against time, tabulated k ex data and second order plots of k ex against deuteroxide ion concentration are included in the Supporting Information for imidazolium salts 3 and 10 ( Figures S1-S6 , Tables S1-S2).
RESULTS AND DISCUSSION
Plots of the observed first order rate constants k ex against deuteroxide concentration are linear with slopes equivalent to k DO , the second order rate constants for deuteroxide catalysed exchange ( Figures S3 and S6 ). The pD Ð log rate profiles for 3 and 10 shown in Figure 2 have unit slopes consistent with a first order dependence of k ex values on deuteroxide concentration. . Deuterium exchange at pDs > 7 or < 4 was too fast or slow, respectively, for convenient analysis using our NMR spectroscopic procedures. Buffer catalysis of deuterium exchange was found to be insignificant in all previous studies of azolium ion conjugate acids of N-heterocyclic carbenes including representative imidazolium salts. 11 , 12 Hence, it was assumed that buffer catalysis of exchange was not significant and the observed pseudo first order rate constants for exchange, k ex (s -1 ), for reactions performed in acetic acid buffers were used directly in second order plots of deuterium exchange.
Scheme 3: Deuteroxide ion-catalysed C(2)-H/D exchange in D 2 O solution.
A mechanism for specific base-catalysed deuterium exchange for general azolium ion The kinetic acidities of imidazolium salts 3 and 10 towards deuteroxide ion at 25 ¡C and I = 1.0 M (KCl) are presented in Table 1 , alongside literature data for related imidazolium salts included for discussion. Also shown in Table 1 are k rel values, where k DO values for salts 3 and 15 Ð 18 are compared to the value of 1,3-dipropylimidazolium salt 10. 
Estimation of Carbon Acid pK a s
The carbon acid pK a values of imidazolium salts 3 and 10 may be obtained using Eqn (3) 
Scheme 4: Equilibrium for deprotonation by hydroxide of imidazolium ions 3 and 10 at C(2).

Substituent and Tethering Effects on Acidity
The kinetic acidities (k DO ) and associated aqueous pK a values for a series of N-methyl, N-alkyl imidazolium ions have been reported, and show that the linear N-alkyl chain length does not substantially affect C (2) Comparing the k DO value for monomeric 1,3-dipropylimidazolium salt 10 with singly linked bis-imidazolium salt 18 12 , and considering the very small n-alkyl substituent effects discussed above, allows the 7.1-fold increase for 18 in this case to be attributed to the effect of a second imidazolium substituent. In principle, the formation of an intramolecular hydrogen bond as in 19 could perhaps favour carbene formation, and result in an increased k DO value, if a linear C-H---:C hydrogen bond could be achieved. However, a substantially larger k rel = 1.63! 10 3 was observed for methylene linked bis-imidazolium salt 17 more consistent with an inductive or electrostatic origin to this observed substituent effect as a linear hydrogen bond would be difficult to attain in this case. The presence of a cationic second imidazolium substituent will result in the inductive or electrostatic destabilisation of the dicationic azolium ion relative to the monocationic carbene, however, this effect will diminish as the distance between the two imidazolium moieties increases (cf. 17 vs 18).
The k DO value for 3 lies between values for 17 and 18: this value is 22-fold lower than for methylene linked bis-imidazolium salt 17 but 10.5-fold greater than for propyl linked bis-imidazolium salt 18. The more rigid bis-tethered structure of 3 forces the two cationic moieties into fixed permanent proximity, likely resulting in a greater electrostatic effect of the second imidazolium substituent, and a higher kinetic acidity than for mono-propyl linked bis-imidazolium salt 18. The free rotation possible for singly propyl linked 18, which is less sterically constrained, would accommodate a larger distance on average between positive charges. The potential influence of the greater steric bulk of bis-tethered 3 upon the approach of deuteroxide is not evident as there is a net increase in k DO relative to both 10 and 18. However, the inductive or electrostatic benefit of bis-tethering in 3 does not outweigh that obtained via a shorter methylene linker in 17.
The C(2)-H pK a data for the imidazolium salts in Table 1 follows the trend 17 < 3 < 18 < 10 ~ 16 ~ 15. As just discussed, this may be rationalized in terms of small nalkyl substituent effects and the proximity of the second imidazolium unit to the first, with an increase in pK a observed as distance between the imidazolium rings increases.
In terms of absolute pK a s, the value for doubly bridged bis-propyl bis-imidazolium salt 3 is similar to those for diaryl imidazolium salts 20 12 and larger than the more acidic triazolium (21) 14 , 15 and thiazolium (22) 13 salts. Thus the acidifying effect of bis-tethering two imidazoliums using a propyl linker is similar to those observed upon replacing two N-alkyl by N-aryl substituents in a single imidazolium unit, however, is smaller than the effect of new or additional NHC heteroatoms as in 21 and 22.
Implications for Dimerisation
Doubly bridged carbene 9 is known to undergo dimerisation to generate 1 in nonprotic solvents (e.g. DMF or NH 3 (l)) containing strong base. 
CONCLUSIONS
The H/D-exchange reaction of a doubly propyl bridged bis-imidazolium salt 3 was studied in comparison with monomeric analogue 10. A 75-fold decrease in kinetic acidity is observed for the unbridged dipropylimidazolium iodide 10 compared to the doubly propyl bridged bis-imidazolium salt 3. This may be attributed to the inductive or electrostatic electron withdrawing effect of an additional imidazolium substituent in the bridged system. Based on the absence of dimer 1, we may conclude that in aqueous solution, dimerisation occurs with a rate constant significantly smaller than for NHC protonation by solvent water (k dimer << 10 11 s -1 ). Infrared spectra were recorded on a Perkin-Elmer Spectrum RX-1 FT-IR spectrometer as
Supporting information Proton Transfer Reactions of a Bridged
KBr discs or thin films between NaCl plates.
Melting points were determined using a Gallenkamp MPD 350-BM3.5 melting point apparatus and are uncorrected. 
Determination of [DO Ð ]:
The pD (± 0.03) was calculated by adding 0.4 to the observed reading of the pH meter in the D 2 O solution. S2 The deuteroxide concentration (M) was calculated using Eqn (S1):
where Kw = 10
M is the ionic product of D 2 O S3 at 25 ¼C and γ DO is the apparent activity coefficient of deuteroxide ion under our experimental conditions. The apparent activity coefficient of deuteroxide ion, γ DO = 0.73, was determined from the measured pH of solutions of known [HOÐ] in water at I = 1.0 (KCl) and 25 ¡C, with the assumption that γ DO = γ HO . For these measurements, the pH apparatus was standardized at 7.00 and at 12.47 with calcium hydroxide solution that was saturated at 21 ¡C. S3 pD values were recorded at the beginning and end of reaction, and were found to be constant (± 0.05). baselines were subject to a first Ð order drift correction before integration of the peak areas.
NMR Parameters
Substrate and product peak areas were compared with the peak of the internal standard that was set to an arbitrary figure of 1000.
S5

Deuterium Exchange Reactions in D 2 O Solution
For each imidazolium salt 3 and 10 the following data are included: a representative 1 H NMR overlay of deuterium exchange at one pD value, a semi-logarithmic plot of f (s) as a function of time for all pDs and a second order plot of k ex values against deuteroxide concentration.
Bridged bis-propyl bis-imidazolium diiodide (3)
Pseudo-first-order rate constants for the deuteroxide ion-catalysed exchange of the two C(2)-H groups of imidazolium salt 3 to form di-deuterated product 3ÕÕ were determined by 1 H NMR spectroscopy (400 MHz).
A representative set of spectra taken at three time points during the reaction in acetic acid buffer at pD 5.46 (70% f B ) is shown in Figure S1 . Deuterium exchange at the two C (2) Experimentally observed first-order rate constants for exchange, k ex (s -1 ), were determined from the slopes of semi-logarithmic plots of f(s) against time at each pD. Reaction data and values of k ex are presented in Table S1 and Figure S2 . respectively, and the signal corresponding to the CH 3 group appears as a triplet at 0.91 ppm.
No change was observed in the integrated area of any other peak relative to the internal standard, indicating that deuterium exchange does not occur at any position other than at C(2)-H under these conditions. Experimentally observed first-order rate constants for exchange, k ex (s -1 ), were determined from the slopes of semi-logarithmic plots of f(s) against time at each pD. Reaction data and values of k ex are presented in Table S2 and Figure S5 . 
